Abstract. Aminoguanidine (AG) inhibits advanced glycation end products (AGEs) and advanced oxidation protein products (AOPP) accumulated as a result of excessive oxidative stress in diabetes. However, the molecular mechanism by which AG reduces AGE-associated damage in diabetes is not well understood. Thus, we investigated whether AG supplementation mitigates oxidative-associated cardiac fibrosis in rats with type 2 diabetes mellitus (T2DM). Forty-five male Wistar rats were divided into three groups: Control, T2DM and T2DM+AG. Rats were fed with a high-fat, high-carbohydrate diet (HFCD) for 2 weeks and rendered diabetic using low-dose streptozotocin (STZ) (20 mg/kg), and one group was treated with AG (20 mg/kg) up to 25 weeks. In vitro experiments were performed in primary rat myofibroblasts to confirm the antioxidant and antifibrotic effects of AG and to determine if blocking the receptor for AGEs (RAGE) prevents the fibrogenic response in myofibroblasts. Diabetic rats exhibited an increase in cardiac fibrosis resulting from HFCD and STZ injections. By contrast, AG treatment significantly reduced cardiac fibrosis, α-smooth muscle actin (αSMA) and oxidative-associated Nox4 and Nos2 mRNA expression. In vitro challenge of myofibroblasts with AG under T2DM conditions reduced intra-and extracellular collagen type I expression and Pdgfb, Tgfβ1 and Col1a1 mRNAs, albeit with similar expression of Tnfα and Il6 mRNAs. This was accompanied by reduced phosphorylation of ERK1/2 and SMAD2/3 but not of AKT1/2/3 and STAT pathways. RAGE blockade further attenuated collagen type I expression in AG-treated myofibroblasts. Thus, AG reduces oxidative stress-associated cardiac fibrosis by reducing pERK1/2, pSMAD2/3 and collagen type I expression via AGE/RAGE signaling in T2DM.
Introduction
Diabetes is a metabolic disorder of carbohydrates, proteins and lipids that contributes to development of cardiac fibrosis. It is predicted that the number of people with diabetes in the world could reach up to 592 million by the year 2035 (1) . Thus, there is a pressing need to develop therapeutic interventions to attenuate diabetes and its associated cardiac fibrosis. Unfortunately, the molecular mechanisms responsible for cardiac fibrosis in type 2 diabetes mellitus (T2DM) are not well understood.
The literature suggests that accumulation of advanced glycation end products (AGEs), that crosslink with extracellular matrix (ECM) proteins, transduce fibrogenic signals through generation of reactive oxygen species (ROS) and activation of the receptor for AGEs (RAGE). In addition, activation of transforming growth factor β (TGFβ)/SMAD signaling may activate fibroblasts to induce deposition of structural ECM proteins. Thus, activation of several distinct but overlapping pathways promotes diabetes-associated cardiac fibrosis (2) .
Experimental induction of T2DM in animal models is essential to understand the oxidant stress and fibrogenic signals in T2DM (3) . In this context, Streptozotocin (STZ), a preferential toxic compound of β cells, has been used for a long time in rodents to induce DM2 and to observe complications of the human form of the disease (4, 5) . High-fat, high-carbohydrate diet (HFCD) has been used to induce insulin resistance in combination with STZ, to reduce the compensatory capacity of β-cells facing insulin hypersecretion, resulting in hyperglycemia (6) . Therefore, this combined model of HFCD-fed/STZ-treated rats is one of the best that simulates the progression of the natural disease and the typical metabolic characteristics of individuals at higher risk of developing T2DM.
Animal models of diabetes have revealed that aminoguanidine (AG), a known inducible nitric oxide synthase (iNOS) inhibitor, prevents diabetes-associated cardiovascular deterioration, nephropathy, retinopathy and neuropathy (7) (8) (9) . In addition, it has been demonstrated that AG inhibits the formation of AGEs by interacting with and quenching dicarbonyl compounds (10) , protecting against myocardial contractile dysfunction (11). Thus, elucidating and dissecting the involvement of AG in diabetes-associated cardiac fibrosis could be useful in preventing or treating ROS-and AGE-related pathologies on the verge of an epidemic such as T2DM. Our aim was to investigate whether AG supplementation may reduce cardiac fibrosis and the gene expression profile of oxidative stress in diabetes-associated cardiac fibrosis.
Materials and methods

Sources of antibodies and qPCR primers.
The sources of commercially available antibodies can be found in Table SI . The collagen type I antibody (1/5,000) was generated and provided by Dr Schuppan (University of Mainz, Mainz, Germany) (12, 13) . The qPCR primers used are shown in Table SII .
Cell culture and treatments. Cell culture experiments were performed in primary rat myofibroblasts at high glucose (>17.5 mM, considering glucose concentration in culture medium) and high insulin concentrations, induced hyperglycemia/hyperinsulinemia conditions similar to diabetes (14, 15) . Primary heart cultures were obtained from neonatal rats, and myofibroblasts were isolated according to Boateng et al (16) . Three days after cell isolation, rat myofibroblasts were seeded on six-well plates (300,000 cells/well) in DMEM/F12 supplemented with 10% FBS, 0-50 nM insulin (4512-01 CellPrime ® r Insulin; EMD Millipore Corporation), 0-17.5 mM glucose (Thermo Fisher Scientific, Inc.), fungizone, penicillin and streptomycin for 48 h. The medium was replaced with serum-free medium before treatment with 0-1 mM AG (Acros Organics). The untreated cells were maintained in DMEM/F-12 supplemented with 10% FBS. According to the manufacturer's description, DMEM/F-12 medium contains 3.15 g/l (17.5 mM) of glucose, plus traces of glucose originating from the serum. Concentrations of glucose above 10 mM are analogous to a diabetic condition within the cell culture system (17).
Time-course (15 min to 24 h) and dose-response (0.5-1.0 mM) experiments were carried out to determine the final concentration of AG and the best time-point for collagen type I induction (24 h). In some experiments, either 0.12 µM (5 µg/ml) of rat RAGE-neutralizing antibody (AF1616-SP) or normal goat IgG control (AB-108-C; R&D Systems) was added to the cells 1 h prior to incubation with AG, according to the recommended concentration for blockade of receptor-ligand interaction from the manufacturer. The optimal concentration for collagen type I induction was determined experimentally.
Animals. This study was carried out on 45 male Wistar rats with weights ranging between 100 and 150 g. Rats were anesthetized with ketamine/xylazine (i.p. 100 mg/kg and 10 mg/kg b.w.) followed by a lethal 3x anesthesia dose, according to The Guidelines of The American Veterinary Medical Association. Confirmation of death was performed by observation of cardiac arrest for 10 min or longer. This was variable among animals until lack of pulse, breathing and response to firm toe pinch was observed. The verification of death was supplemented by rigor mortis verification. Rats were obtained from the animal facility of the University Center of Health Science (CUCS), Guadalajara University. All animal studies and humane endpoints set out for this study were in accordance with the rules of Ethical and Technical Specifications for Care and Management outlined in The National Institutes of Health's Guide, and approved by Jalisco State Agency for the Care and Use of Laboratory Animals (approval no. 16/UG-JAL/2008). During the study, the animals were kept in polypropylene cages with ad libitum access to water in order to gain weight until reaching 200-250 g, when their fasting blood glucose levels were monitored prior to diabetic induction.
Induction of experimental diabetes in rats.
Rats were fed for diabetic induction with an HFCD composed of 20% sucrose, 10% coconut oil and 1% cholesterol per kilogram for 2 weeks. Two-thirds of the rats fed with HFCD (n=30) received daily intraperitoneal injections of freshly prepared solution with 20 mg/kg of STZ (Sigma-Aldrich Co.) dissolved in 0.1 M sodium citrate buffer (pH 4.5) during the following 5 days, while age-matched controls received buffer-only injections and HFCD diet. On the first day after injection, the fasting blood glucose was measured from rat tail-veins by using a blood glucometer. Rats with fasting blood glucose levels >200 mg/dl were deemed diabetic. One-third (n=15) of the animals continued to be fed with HFCD diet (control group).
Groups and treatment. The rats not receiving diabetic induction were used as negative controls (non-diabetic group). The diabetic rats were randomly allotted to non-treated diabetic (HFCD+STZ) and diabetic-treated (HFCD+STZ+AG) groups (n=15 rats/group). The HFCD+STZ+AG group was treated with daily intraperitoneal administration of AG (20 mg/kg) throughout the experiment (Fig. 1) . Methodologically, a third control group without diabetes but with AG treatment was not included since two control groups, negative control (HFCD-fed) and positive control (STZ-injected), were already used in the study (18, 19) . At 15, 20 and 25 weeks after treatment, all animals were sacrificed prior to blood extraction. Blood was taken directly from the cardiac chamber and the heart was removed for molecular and histological analysis. Blood samples were collected and stored at -80˚C, and myocardial tissue samples were collected and subsequently formalin-fixed for further analysis.
Histological analysis. Hearts were excised, washed with saline solution and placed in 10% formalin. Then, they were cut transversely, close to the apex, to visualize the left ventricle and right ventricle, and several sections of heart (5-µm thick) were prepared. Cardiac histology was assessed using hematoxylin and eosin (H&E) staining in paraffin-embedded sections using standard commercial methods. Fibrosis was assessed using both Masson's trichrome and Sirius red/Fast green staining in paraffin-embedded sections using established methodology (20) . The cardiac histology was evaluated by a pathologist who was blinded from the experimental conditions. The number of microscopic fields with fibrosis was recorded, and five affected fields were photographed. Image analysis (n=5 rats/week) was performed using a digital microscope and AxioVision v.7 software.
Western blotting. Cells lysate samples were processed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 5-10% gels and nitrocellulose membranes. Actin served as an endogenous control of protein expression. Membranes were incubated with the primary antibodies shown in Table SI and corresponding peroxidase-coupled secondary antibodies from EMD Millipore Corporation. Images were captured with an Amersham™ Imager 600, and results were analyzed using ImageQuant™TL analysis software v8.1 (GE Healthcare Bio-Sciences) after enhanced chemiluminescence using Pierce™ ECL substrate (Thermo Fisher Scientific, Inc.).
α-Smooth muscle actin immunohistochemistry. Immunohistochemical staining on paraffin-embedded heart tissue was performed for each experimental time-point using a primary antibody against αSMA (Millipore anti-alpha-actin (smooth muscle) clone E184, rabbit monoclonal; dilution: 1 : 500), followed by a secondary biotinylated anti-rabbit IgG, and developed using the Histostain ® Plus detection system (Invitrogen; Thermo Fisher Scientific, Inc.).
cDNA synthesis and reverse transcription-quantitative PCR (qPCR)
. Total RNA was isolated from 100 mg of tissue using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), quantified by determination at OD 260 and stored at -80˚C. Two micrograms of total RNA was reversed-transcribed using an oligo(dT) primer and M-MLV reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The cDNA generated was stored at -20˚C.
Real-time PCR was developed with diluted cDNAs using pre-developed and validated TaqMan ® gene expression assays by Applied Biosystems; Thermo Fisher Scientific, Inc.: Nos2 ID: Rn02132634_s1; Nox4 ID: Rn00585380_m1; Col1a1 ID: Rn01463848_m1; Ucp2 ID: Rn01754856_m1; Nrf2 ID: Rn00477784_m1; β-actin ID: Rn00667869_m1, according to the manufacturer's protocol. The β-actin qPCR gene efficiency had been validated previously. Amplification by real-time PCR was performed on the StepOne TM Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each qPCR analysis included duplicate wells, and appropriate control reactions were performed for all samples. The expression level of each gene of interest was calculated using the 2 -∆∆Cq method (21) . Gene amplification was normalized against β-actin expression in each sample, and gene expression levels are shown as relative expression units by comparing them to the control group as an internal calibrator.
Total RNA from cultured primary rat myofibroblasts was isolated using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was reverse-transcribed using an Ecodry ® Premix Kit (Clontech), and qPCR was performed in a Roche Light Cycler 480 with FastStart SYBR-Green Master (Roche Diagnostics). Expression of the target gene was calculated by the cycle-threshold method, and results are expressed as the relative fold-change with respect to the appropriate control group. Values were normalized to the housekeeping gene β-actin. Each qPCR reaction was run in triplicate.
Statistical analysis. Data are expressed as mean ± standard deviation of the mean (SD). Statistical comparisons within groups were performed by two-way ANOVA followed by Tukey's multiple comparison test. Gene expression comparisons were performed by Kruskal-Wallis test followed by Mann-Whitney U test post hoc test. Data are shown in all figures, and P<0.05 was used to indicate a statistically significant difference.
Results
T2DM rats show increased blood glucose, urinary volume and water consumption with modest body weight gain.
To begin our experimental investigations, we confirmed that our T2DM model shows representative symptoms of human T2DM such as hyperglycemia, polydipsia and polyuria. The HFCD, concomitantly with STZ, induced insulin resistance resulting in hyperglycemia maintained throughout the study ( Fig. 2A) . This was accompanied by increased water consumption (Fig. 2B ) and urinary volume (Fig. 2C) as well as modest body weight gain (Fig. 2D) . Partial but not full pancreatic islet β-cell destruction-a central feature in T2DM (22) -was observed in induced-T2DM rats (Fig. S1 ). Importantly, AG had no hypoglycemic effect as shown by unchanged fasting blood sugar concentration and water consumption but improved urinary volume and weight in AG-treated diabetic rats.
AG-treated rats showed improvement of myocardial architecture compared to non-treated diabetic rats.
To analyze the prevention of diabetes-associated cardiovascular damage by AG, rats were sacrificed in weeks 12, 15 and 25, and their cardiac tissues were subjected to histological analysis. After 15 weeks, T2DM rats already had irregular myofibrillar orientation as shown by H&E staining (Fig. 3E and H) . By contrast, AG-treated diabetic rats showed improvement of myocardial architecture compared to non-treated diabetic rats ( Fig. 3F and I ).
AG-treated rats exhibit less fibrosis and α-smooth muscle actin (αSMA) protein expression than T2DM rats. To further evaluate the potential antifibrotic role of AG in vivo, hearts were processed for Sirius red/Fast green, Masson's trichrome staining and αSMA immunohistochemistry (IHC). We observed progressive interstitial myocardial fibrosis in T2DM rats by 12 weeks after induction (Fig. 4A-e and A-h) while AG-treated (Fig. 5A ) revealed less fibrosis compared to the T2DM group. Consistently, AG significantly downregulated Col1a1 mRNA expression 8.3-fold at week 12, although no changes were observed at week 25 in T2DM+AG compared to T2DM rats (Fig. 5B) . Considering the expression of αSMA in myofibroblasts as a marker in fibrosis (23), we next studied the role of AG in αSMA protein expression. AG-treated rats exhibited less αSMA expression (Fig. 6A-f and A-i) compared to non-treated T2DM rats (Fig. 6A-e and A-h) . Likewise, αSMA IHC quantification showed lower αSMA expression in T2DM+AG compared to T2DM rats (Fig. 6B) .
Collectively, these results suggest that AG has an important antifibrotic role in T2DM rats by reducing fibrosis deposition and αSMA induction in diabetes-associated cardiac fibrosis.
AG treatment downregulates oxidation-associated gene expression in cardiac tissue.
Since oxidant stress-sensitive proteins are known to regulate cardiac collagen type I (24), we looked into the mRNA profile of oxidant and antioxidant genes in rats and in primary myofibroblasts treated with AG. We found that Nos2 (endothelial nitric oxide synthase) and Nox4 (NADPH oxidase 4) mRNA expression was upregulated in diabetic rats. By contrast, AG-treated rats had less Nos2 and Nox4 mRNA expression in cardiac tissue, in a time-dependent manner (Fig. 7A) . Likewise, Nrf2 (nuclear factor (erythroid-derived 2)-like 2) and Ucp2 (uncoupling protein 2) mRNAs, well-known antioxidant-associated genes capable of modulating ROS (25, 26) , were upregulated under oxidative conditions in T2DM rats and reduced upon AG treatment (Fig. 7B) .
Taken together, these results suggest an antioxidant effect of AG in diabetic-associated cardiac fibrosis.
AG reduces oxidation-associated collagen type I expression through ERK1/2 and SMAD2/3 signaling in myofibroblasts.
Considering that AG has ROS-detoxification activity (27) (28) (29) , and that ROS lead to ECM accumulation in diabetes (30), we investigated the role of AG in AGE signaling in primary myofibroblasts. Primary myofibroblasts from neonatal rats were exposed for 48 h to extended high insulin (0-50 nM) and high glucose (0-17.5 mM) levels to induce the impairment of insulin signaling and to desensitize glucose transport (HIG AG reduced phosphorylation of ERK1/2 and SMAD2/3 but not AKT1/2/3 473 Ser, AKT1/2/3 308 Thr or STAT3 705 Tyr in primary rat myofibroblasts (Fig. 8A) . Moreover, we looked into oxidant stress-sensitive pro-inflammatory mediators such as interleukin-6 (IL-6), and tumor necrosis factor α (TNFα), known to regulate collagen type I expression, and observed similar Tnfα aSnd Il6 mRNA expression in AG-treated compared to untreated myofibroblasts in diabetic conditional medium (Fig. 8B) . Similarly, no changes in Nos2, Nox4 and Ucp2 mRNA expression were observed in AG-treated compared to untreated myofibroblasts (Fig. S2) .
Based on the in vivo findings, and because collagen is one of the main targets of reducing sugars and dicarbonyl compounds in diabetes (37,38), we further investigated the effect of AG on collagen type I expression in primary rat myofibroblasts. Intra-and extracellular collagen type I protein expression (Fig. 8C) and Pdgfb, Tgfβ1 and Col1a1 mRNA expression (Fig. 8D) were downregulated in AG-treated compared to untreated myofibroblasts in diabetic conditional medium. Therefore, our results indicate that AG reduces collagen type I deposition in myofibroblasts through convergent ROS-sensitive ERK1/2 and SMAD2/3 signaling.
AG reduces collagen type I expression via RAGE in myofibroblasts.
Since Ager mRNA was significantly after HIG conditions (Fig. 9A) , the effect of AG and the importance of RAGE for collagen type I expression were explored using an antibody blockade strategy. Treatment with a RAGE-neutralizing antibody before AG treatment resulted in a significant decrease of total collagen type I expression in myofibroblasts (Fig. 9B) , suggesting that AGE/RAGE activation is requisite for increased collagen type I expression in myofibroblasts (Fig. 10) .
Discussion
Until now, many kinds of animal models have been used for diabetes research, but neither surgical nor chemical models simulate human T2DM (3, (39) (40) (41) (42) . STZ induces cardiac fibrosis, contractile dysregulation and mitochondrial damage (43) , all AGE-related disorders (44) . In fact, lower doses of STZ (≤50 mg/kg) in conjunction with a diet rich in fat (40% of total dietary kcal) have been successfully employed to induce T2DM (44, 45) . In the present study, we reduced the dose of STZ to 20 mg/kg (46) , and extended the time reported from 18 weeks to 25 weeks (47) , to replicate chronic features of T2DM and evoke cardiac fibrosis.
In our model, diabetic rats showed slight weight gain, polydipsia and polyuria without tendency to cause ketosis and without gradual recovery to normoglycemia. In addition, the use of insulin therapy to sustain life was not necessary, suggesting that STZ doses plus HFCD only reduced the pancreatic β cell mass, but did not eliminate them. Importantly, a symptom for the onset of T2DM is a sudden loss of weight due to frequent urination and high blood glucose that is no longer being taken up, and when some form of treatment is applied to allow the uptake of glucose, patients often see an increase in body weight (45) . This was indeed observed in the STZ-induced diabetic rats, indicating the presence of T2DM. However, insulin resistance and its associated multiorgan dysfunction assessment were not performed, which might be a limitation of this study.
Recent investigations on diabetes have demonstrated that impaired mechanisms dependent on UCP2 (46), Nrf2 (47, 48) , Nox4 (49-52) and endothelial nitric oxide synthase (eNOS) (53-55) participate in collagen type I deposition, therefore reducing myocardial compliance (56, 57) . However, it is still unclear how these molecular signals participate in the diabetes-associated fibrogenic response.
For this reason, we used AG as a therapeutic agent for cardiac fibrosis associated with T2DM. AG is a water-soluble molecule that scavenges toxic 1,2-dicarbonyl compounds such as methylglyoxal, and attenuates oxidative stress by inhibiting the formation of AGEs and nitric oxide synthase (58) .
The treatment with AG reduced cardiac Nox4 and Nos2 mRNA expression compared to untreated diabetic rats. By contrast, the unchanged Nos2, Nox4 and Ucp2 mRNA expression in primary myofibroblasts but not in the diabetic rats suggests a dual effect of AG in the diabetic heart: Antioxidant in non-myofibroblasts, and antifibrotic in myofibroblasts. This is supported by the downregulation of collagen type I protein, Pdgfb, Tgfβ1 and Col1a1 mRNA expression and ERK1/2-SMAD2/3 signaling in AG-treated myofibroblasts. It is also possible that AG in vivo has a positive effect on renal AGE-associated damage (59,60), since AG treatment improved urinary output. This effect may not be related to changes in blood pressure but to reduction of AGE-mediated tubulointerstitial injury and endothelium-dependent relaxation (61) . Nevertheless, more in vivo studies are needed to dissect the organ-specific molecular signals activated by AG in diabetes-associated fibrosis.
In vitro, hyperglycemia is involved in the activation of cardiac fibroblasts, promoting a fibrogenic phenotype and release of cytokines and growth factors with potential to generate ROS (62-64) ; however, the significance of these findings in vivo is unclear, and robust evidence is required to demonstrate that diabetes-associated myocardial fibrosis is due to hyperglycemia. Although some metabolic conditions that occur in diabetes cannot be resembled in vitro, myofibroblasts were cultured in hyperglycemic medium, with and without insulin, to analyze the AG effect in the diabetic niche (65, 66) .
The appearance of hyperglycemia in T2DM is preceded by a phase of hyperinsulinemia, which is able to overcome tissue resistance and transport glucose into cells. This is followed by a stage of hyperglycemia that may overlap with • P<0.05 vs. control; * P<0.05 vs. T2DM. T2DM, type 2 diabetes mellitus; AG, aminoguanidine; w, weeks; Nox4, NADPH oxidase 4; NO, nitric oxide; Nrf2, nuclear factor (erythroid-derived 2)-like 2; Ucp2, uncoupling protein 2.
hyperinsulinemia for some time. Thus, experimental conditions of high glucose and high glucose plus high insulin were designed to recapitulate T2DM (15, 67) , and to induce insulin resistance in myofibroblasts. Thus, AKT signaling Results from the western blot analysis were corrected by the level of actin protein expression and are expressed as fold-changes compared with the controls which were assigned a value of 1, and are presented as the mean ± SD. n=2/group in experiments performed in triplicate.
• P<0.05 vs. no-insulin control; * P<0.05 vs. untreated diabetic conditional medium at 24 h. Ab, antibody; AG, aminoguanidine; Ager, receptor for advanced glycation end products; RAGE, receptor for advanced glycation end products. Figure 10 . AG reduces collagen type I deposition via RAGE in myofibroblasts. Hyperglycemia, oxidative stress, insulin resistance, and compensatory hyperinsulinemia induce formation of AGEs that can be inhibited by AG in diabetes-induced cardiac fibrosis. AG reduces diabetes associated cardiac fibrosis by reducing pERK1/2, pSMAD2/3 and collagen type I expression likely through AGE/RAGE signaling. AG, aminoguanidine; RAGE, receptor for advanced glycation end products; AGEs, advanced glycation end products; p, phosphorylated; MAPK, mitogen-activated protein kinase.
was upregulated because insulin conveys its metabolic action through this pathway. However, western blot results suggested that AG, via AKT-independent signaling, reduces collagen type I likely through ERK1/2 and SMAD2/3 in myofibroblasts.
Importantly, the in vitro generation of final products of glycosylation was not performed, rendering an important limitation to the study. Nevertheless, the alteration of Pdgfb, Tgfβ1 and Col1a1 transcript levels and ERK1/2 and SMAD2/3 phosphorylation suggests the induction of diabetic conditions and a restoration of the pro-fibrotic program in myofibroblasts by AG.
Here, we propose that AG attenuates the fibrogenic response in T2DM rats, considering that AG reduces AGEs, advanced oxidation protein products (AOPP) (68) , and inhibits iNOS activity (69, 70) , thus reducing oxidative-associated cardiac fibrosis. This was observed in vivo by αSMA IHC, Sirius red/Fast green and Masson's trichrome staining, and confirmed by the in vitro experiments on myofibroblasts. Therefore, our study provides strong support for the association between diabetes and myocardial fibrosis. Many studies have documented the underlying possible mechanism of AG in diabetes associated cardiac fibrosis, however, the effect of AG on collagen type I deposition through SMAD2/3-ERK1/2 via AGE/RAGE signaling represents the novelty of this study. These can be explained due to the glycation and AOPP-inhibiting properties of AG widely described in the scientific literature (68, 71) .
To provide further evidence for the contribution of SMAD2/3-ERK1/2 signaling, the use of specific MAP kinase inhibitors and/or siRNAs, might reverse the effects of AG-mediated cardioprotection. However, this was not assessed in vitro, which we acknowledge is another constraint to our research.
Since AG mitigates oxidative stress (72) and AGE levels (73) and reduces ROS formation (55,74), we analyzed oxidant and antioxidant-associated genes capable of modulating ROS, and oxidant stress-sensitive proteins known to regulate collagen type I expression. Our results suggest that AG reduces collagen type I expression and myofibroblast activation by either extenuating oxidative stress or by reducing the level of AGE-associated oxidative modifications such as RAGE binding (75) . For instance, RAGE activation, depending on the cellular context and interacting ligand, can trigger different signaling pathways, which modulate oxidative stress that contributes to cellular dysfunction associated with diabetes (76) . In this study, we demonstrated that AG exerts an antifibrotic effect likely through AGE/RAGE signaling, which is not associated to hypoglycemia. This is of special relevance since RAGE signaling contributes to oxidative stress-associated cardiac fibrosis (77) .
In conclusion, STZ plus HFCD promotes T2DM and evokes pro-oxidative and pro-fibrotic responses attenuated in the presence of AG. Our results suggest that AG reduces oxidative-associated cardiac fibrosis by reducing the expression of pERK1/2, pSMAD2/3 and collagen type I, likely through AGE/RAGE signaling.
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